The intrinsic peak luminosity of Type Ia supernovae (SNe Ia) depends on the value of Newton's gravitational constant G, through the Chandrasekhar mass M Ch ∝ G −3/2 . If the luminosity distance dL can be independently determined, the SNe Ia can be treated as a tracker to constrain the possible time variation of G in different redshift ranges. The gravitational-wave (GW) standard sirens, caused by the coalescence of binary neutron stars, provide a model-independent way to measure the distance of GW events, which can be used to determine the luminosity distances of SNe Ia by interpolation, provided the GW and SN Ia samples have similar redshift ranges. We demonstrate that combining the GW observations of third-generation detectors with SN Ia data provides a powerful and model-independent way to measure G in a wide redshift range, which can constrain the ratio G/G0, where G and G0 are respectively the values in the redshift ranges z > 0.1 and z < 0.1, at the level of 1.5%.
I. INTRODUCTION
The measurement of Newton's constant G is one of the key tasks in modern physics. As a fundamental parameter in Einstein's General Relativity, G is assumed to be constant. However, in general alternative theories of gravity (e.g., in scalartensor gravity and Einstein-AEther theory), it can become both time-and space-dependent. Numerous methods have been proposed and/or implemented to measure the value of G on different time scales [1, 2] . Most of these experiments search for the present or nearly present rate of variance of G, including the lunar ranging experiment [3] , pulsar timing observations [4] and so on. In addition, methods of determining G over cosmological time scales are also proposed: for instance, recent Big Bang nucleosynthesis (BBN) observations produce the constraint ∆G/G = 0.01
+0.20
−0.16 [5] . Type Ia supernovae (SN Ia) are 'standard candles' in the standard cosmological model [6] . However, analytical models of their light curves generally predict that the absolute magnitude of a SN Ia depends on the value of G. Therefore, measuring the absolute magnitude of SNe Ia in different redshift ranges can determine the values of G at those redshifts. To achieve this, the luminosity distance d L to each SN Ia should be independently determined, which is requisite to fix the absolute magnitude of SNe Ia from observations. In previous works, e.g., [7] , the values of d L are fixed by assuming specific cosmological models, and therefore the constraints on G are model-dependent. In this article, we avoid this issue by considering the potential observations of gravitational-wave (GW) standard sirens in similar redshift ranges to those of the SNe Ia, which provide an independent way to measure the value of d L . Therefore, combining SN Ia and GW data provides a novel way to measure the value of G on a cosmological scale. In this method, the constraint on G is at the time and location of the SN Ia. Thus, once a sufficient number of events have been observed, a constraint map [8] , as a function of redshift and sky position, could be constructed.
II. GRAVITATIONAL DEPENDENCE OF SN IA
The empirical observation of SNe Ia gives the distance estimation using a linear model, under the assumption that all the SNe Ia have the same intrinsic luminosity if they are identical in colour, shape and galactic environment [9] . This model, used by most cosmological analyses, expresses the distance modulus in an isotropic universe, µ = 5 log 10 (d L /10pc), as
where m * B is the observed peak magnitude of the SN Ia in the rest-frame B band, X 1 is a time stretching of the light-curve, and C is a supernova colour at maximum brightness. For any given SN Ia, these three quantities can be obtained from a fit to the light-curve model of SNe Ia. The nuisance parameters include the stretch-luminosity parameter α and the colourluminosity parameter β. The absolute magnitude M B was found to depend on the host galaxy properties, which can be approximately corrected by assuming that M B is related to the host stellar mass through M B = M B is calibrated for X 1 = C = 0 and is treated as a constant [9] , which relates to the calibrated intrinsic luminosity L of the SN Ia as
, where M ⊙ is the absolute magnitude of the Sun, and L ⊙ is the Sun's luminosity.
In theories of modified gravity with variable G, the calibrated absolute magnitude M 
The calibrated intrinsic luminosity L of SNe Ia as a function of G, where G0 is the present-day value, and L0 is the absolute luminosity of SNe Ia at G = G0.
thesised [10] , which is approximated to be proportional to the Chandrasekhar mass M Ch [11] . Since the value of M Ch depends on G, the measurement of peak luminosity, or absolute magnitude, of SNe Ia can be used to determine the variation of G with redshift. Previous works assumed a straightforward proportionality between the intrinsic luminosity of SNe Ia, L, and the value of G, but did not attempt to calibrate luminosities. In [12] , the full effect of a time variation of G on the combined UV+optical+IR SNIa light curves was investigated by a semi-analytic analysis. This method enabled calibration of luminosities based on time-stretching but not colour at maximum brightness. In this treatment, the main effect is a change of the Chandrasekhar mass as M Ch ∝ G −3/2 . If G deviates from the its present-day value G 0 , the Chandrasekhar mass differs from 1.44 solar masses, which leads to the modification of the time-stretch calibrated intrinsic luminosity of SNe Ia L. The time-stretch calibrated intrinsic luminosity as a function of G is presented in Fig. 1 , where we find a sensitive dependence of L on G. Therefore, if the value of L, or equivalently the calibrated absolute magnitude of SNe Ia M 1 B , can be determined at different redshifts, we could infer the local value of G, which provides a novel method to measure Newton's constant in different redshift ranges.
III. GW STANDARD SIRENS
From Eq. (1), we observe that for any given SN Ia, the value of M 1 B can be derived if one can independently measure the luminosity distance d L . GW standard sirens provide an excellent and model-independent way to achieve this. From the observations of GW signals, caused by inspiralling and merging binary neutron stars (BNSs) as well as neutron star-black hole binaries (NSBHs), one can obtain the luminosity distance of a GW event in an absolute way, without having to rely on a cosmic distance ladder [13] . In many cases, it is also possible to identify their electromagnetic counterparts and determine their redshifts [14, 15] . Therefore, this provides a unique and model-independent way to construct the Hubble diagram over a wide redshift range. The third-generation (3G) GW experiments can detect the high-redshift GW signals up to redshift z = 2 for BNSs and z > 2 for NSBHs. By combining the standard siren luminosity distances with the redshift information derived from electromagnetic counterparts observations, we can directly construct the distance modulus as a function of redshift z, i.e., µ(z) for a wide redshift range.
Two leading proposals are currently under consideration for the design of 3G GW detectors: the Einstein Telescope (ET) in Europe [16] , and the Cosmic Explorer (CE) in the U.S. [17] . Here, we consider a network consisting of both ET and CE. In order to calculate the uncertainties in the luminosity distance of GW sources, we adopt the Fisher matrix analysis [18] . The response of an incoming GW signal is a linear combination of two wave polarisations in the transverse-traceless gauge,
, where h + and h × are the plus and cross modes of GW respectively. The detector's antenna beam-pattern functions F + I and F × I depend on the source localisation (θ s , φ s ), the polarisation angle ψ s , as well as the detector's location and orientation. For the GW signals h + and h × of BNSs, we adopt the restricted post-Newtonian approximation of the waveform for the non-spinning systems [19] , including only waveforms in the inspiralling stage, which depends on the symmetric mass ratio
2 , the chirp mass M c = (m 1 + m 2 )η 3/5 (m 1 and m 2 are the physical masses of neutron stars respectively), the luminosity distance d L , the inclination angle of the binary system ι, the merging time t c and merging phase ψ c .
For a given binary system, the response of the GW detector depends on nine parameters (M c , η, t c , ψ c , θ s , φ s , ψ s , ι, d L ). Employing the nine-parameter Fisher matrix and marginalising over the other parameters, we derive the uncertainty σ dL . In the low-z range, the localisation ability of the 3G network is extremely high. For BNSs at z = 0.1, the angular resolution is around ∆Ω s ∈ (1, 10) deg 2 for the 3G network [18] . So, it is possible to identify the electromagnetic counterparts (e.g., kilonovae [20] ) for a large number of GW events and fix their redshifts. We numerically simulate the BNS samples with random binary orientations and sky directions for our investigations, and assume that the fiducial mass of each NS is 1.4 solar mass. The redshifts are uniformly distributed in comoving volume in the range z < 0.1, assuming a spatially flat ΛCDM cosmology with h = 0.7 and Ω m = 0.3. For each sample, we calculate the values of signal-to-noise ratio (SNR) and ∆d L /d L . For a given event, distance measurements will be subject to two kinds of uncertainties: the instrumental error ∆d L which can be estimated using a Fisher matrix as discussed above, and an additional error∆d L due to the effects of weak lensing. As in previous works [21] , we assume that the contribution to the distance error from weak lensing satisfies∆d L /d L = 0.05z. Thus, the total uncertainty is taken to be 1000 sources to mimic the detections by a 3G network over three years [22] in the low-z range, which satisfy the criteria of SNR > 8, and σ dL /d L < 50%. It has been argued that for high-z binary coalescent GW events, the most promising method to measure their redshifts is to observe their shorthard γ-ray burst (shGRB) counterparts and the afterglows. On the other hand, we believe shGRBs are beamed: the γ radiation is emitted in a narrow cone more or less perpendicular to the binary orbital plane, and the observed shGRBs are nearly all beamed towards the Earth [23] . For these face-on binaries with observed GRB counterparts, the sky direction (θ s , φ s ), inclination angle ι, and polarisation angle ψ s can be determined precisely by electromagnetic observation, therefore they should be excluded in the Fisher matrix analysis. We repeat the same calculation for a large number of face-on GW sources assuming a uniform distribution in comoving volume for a redshift range of 0.1 < z < 2, as stated above, but adopting now a five-parameter Fisher matrix. We calculate the uncertainty σ dL /d L for each sample. For a conservative estimation of 1000 observed BNSs as in previous works [18, 21] , we randomly choose 1000 samples from the full simulations, which satisfy the criteria of SNR > 8, and σ dL /d L < 50%. These samples mimic the potential observations by a 3G network in the high-z range.
In Fig. 2 , we present the redshift distribution of the simulated BNS samples in both low-z and high-z ranges, in which the uncertainties in the distance modulus µ, which directly relates to d L , are also illustrated. Following [24] , for each GW event, we take the value of d L to be the exact value of a given model, so we expect constraints to be centered on the fiducial parameter values rather than displaced by ∼ 1σ. These constraints can be thought of as the average over many possible realisations of the data.
Note that GW waveforms of BNSs depend on the value of G only through the combination of Gm 1 (or Gm 2 ) [25] . In GW observations, the NS masses and G value are completely degenerate, and a change of G cannot influence the determination of the luminosity distance of BNSs, if we ignore the variation of G during the GW burst [8] .
IV. MEASURING NEWTON'S CONSTANT
In this paper, the JLA compilation [9] is adopted as an example. Covering a redshift range 0.01 < z < 1.3, the JLA compilation assembles 740 SN Ia samples of all three seasons from SDSS-II (0.05 < z < 0.4), three years from SNLS (0.2 < z < 1), a few very high redshift (0.7 < z < 1.3) samples from HST, and several low redshift (z < 0.1) programs. To study the evolution of model parameters with redshift, we employ a redshift tomographic method to analyze the JLA sample. To be specific, the JLA samples are binned into the following subgroups according to their redshifts: (1) z < 0.1; (2) 0.1 < z < 0.2; (3) 0.1 < z < 0.4; (4) 0.1 < z < 1.3; (5) 0.4 < z < 1.3. In each subgroup, i.e. each redshift range, we assume the value of G, (i.e., M at different redshift ranges are obtained, the difference of G between different redshifts can be inferred.
The theoretical values of distance modulus µ strongly depend on the cosmological parameters, in particular the dark energy parameters and Hubble constant h, so that Eq. (1) is always used to constrain dark energy models. In order to avoid cosmological model-dependence in our measurement of the redshift evolution of G, we need an alternative method to determine the value of µ at different redshifts. Future detectable GW events are expected to distribute in nearly the same redshift range as the SN Ia data, and the luminosity distances of GW events can be determined by the GW observations alone. For each SN Ia sample with fixed redshift z, we can derive its distance d L (or distance modulus µ) from nearby GW events by a proper interpolation. The error of the interpolated distance modulus of a SN Ia must account for the original uncertainties of the GW events as well as the uncertainties from the interpolation. When linear interpolation is used, the resulting µ and its error σ µ at redshift z can be calculated by
in which µ i , µ i+1 are the distance moduli of the GW events, and σ µ,i , σ µ,i+1 their errors, at nearby redshifts z i and z i+1 , respectively.
We first investigate the possible difference of G in the redshift ranges z < 0.1 and 0.1 < z < 0.2. Considering the SN Ia samples of these two subgroups, for each SN Ia, z is known, µ and σ µ are derived from the interpolation of GW data, and the values of m * B , X 1 and C are given in [9] . For these data in two bins, we have six parameters (M
, where (α 1 , β 1 ) and (α 2 , β 2 ) are the nuisance parameters in the first and second redshift bin, respectively, M 1 B is the calibrated absolute magnitude of SNe Ia at z < 0.1, and G 0 , G are the Newton's constant in the two redshift bins. Note that, throughout this paper we assume G 0 , the value in the first z-bin, is equal to the G value today, and that the calibrated absolute magnitude of SNe Ia in the second bin has been expressed by M 1 B and G/G 0 . We apply the following χ 2 calculation to obtain the constraints on six parameters,
where i and j indicates the SN Ia samples in first and second redshift bin respectively, and
which accounts for the uncertainty in cosmological redshift due to peculiar velocity, the variation of magnitudes caused by gravitational lensing, and the intrinsic variation in SN magnitude not described by other terms [9] . We use cσ z = 150km s −1 , as well as σ lens = 0.055×z as suggested in [26] . The values of σ coh are adopted as 0.12 for low-z, 0.11 for SDSS-II, 0.08 for SNLS and 0.11 for HST [9] . Note that, in this calculation, we have ignored the weak correlation between different SN Ia data, which only slightly changes the uncertainties of the constrained parameters. Employing a modified CosmoMC package [27] , we obtain the marginalised constraints on each parameter, which are listed in Table I , and the one-dimensional likelihood function of G/G 0 is presented in Fig. 3 . To measure the value of G in different redshift ranges, we replace the second redshift bin 0.1 < z < 0.2 with that in 0.1 < z < 0.4, 0.1 < z < 1.3, 0.4 < z < 1.3, respectively. The corresponding constraints are also presented in Table I and Fig. 3 . We find that for each case, the uncertainty of G/G 0 is ∼ 0.015. These results show that, by combining the SN Ia data and potential 3G GW data, the deviation of Newton's constant from G 0 at high redshifts can be expected to be constrained at 1.5% level. The uncertainty in G/G 0 is mainly caused by the error bars of µ in the first redshift bin, which in turn are determined by the errors on d L for GW events in the same redshift range. For comparison, we keep the second redshift bin as 0.1 < z < 0.2, and change the first bin to z < 0.03, z < 0.05 and 0.05 < z < 0.1. The corresponding results are listed in Table II , which shows that the uncertainties of G/G 0 become larger as anticipated.
V. CONCLUSIONS
The calibrated intrinsic peak luminosity of a SN Ia depends on the strength of gravity in the supernova's local environment. If the luminosity distance d L can be determined by independent observations, the SNe Ia can be treated as a tracker to measure the variation of gravitational constant G in a wide redshift range. We propose to use the GW standard sirens distributed in a similar redshift range to determine the d L of SNe Ia by interpolation. As an application of this method, we consider the recent JLA compilation of SN Ia data, for which the d L values of SN Ia samples are assumed to be determined GW events observed by 3G GW detectors. Splitting the combined SN Ia samples into several subgroups according to their redshift distribution, we determine the value of G in different redshift ranges. We find that the ratio G/G 0 , where G is the gravitational constant in the redshift z > 0.1 and G 0 is that at z 0 < 0.1, can be determined at the level of 1.5%.
As examples to compare our results with other constraints, we adopt z = 0.4 (z = 0.9) and assume a power-law cosmic time dependence, G ∝ t −α , then the constraint ∆G(z)/G < 0.015 is equivalent to a constraint on the index of |α| 0.04 (0.02), which can be translated into |(dG/dt)/G| t=t0 3 × 10 −12 year −1 (1.5 × 10 −12 year −1 ). This is of the same order as constraints from pulsars [4] and lunar laser ranging [3] (|(dG/dt)/G| t=t0 10 −12 year −1 ). Though the BBN constraint seems stronger (|(dG/dt)/G| t=t0 4 × 10 −13 year −1 [5] ), it should be stressed that these constraints are for very different redshift ranges and any comparison will be complicated by assumptions such as G ∝ t −α . Most importantly, the new method offers a novel and independent way to constrain Newton's constant G over a wide redshift range 0 < z < 1.3, which could also be extended to 0 < z < 2 by future SN Ia observations [28] .
